As previously shown, rats isolated from weaning develop abnormal social and aggressive behavior characterized by biting attacks targeting vulnerable body parts of opponents, reduced attack signaling and increased defensive behavior despite increased attack counts. Here we studied whether this form of violent aggression could be reversed by resocialization in adulthood. During the first weak of resocialization, isolation-reared rats showed multiple social deficits including increased defensiveness and decreased huddling during sleep. Deficits were markedly attenuated in the second and third weeks. Despite improved social functioning in groups, isolated rats readily showed abnormal features of aggression in a resident-intruder test performed after the three week-long resocialization. Thus, post-weaning social isolation-induced deficits in prosocial behavior were eliminated by resocialization during adulthood, but abnormal aggression was resilient to this treatment. Findings are compared to those obtained in humans who suffered early social maltreatment, and who also show social deficits and dysfunctional aggression in adulthood.
Key words: early social deprivation, defensive aggression, huddling, social avoidance, withdrawal, resocialization F o r P e e r R e v i e w 3 Adverse childhood environment, e.g. early social neglect and maltreatment was suggested to be a risk factor for multiple psychiatric problems later in life (Acarturk et al., 2009; Johnson, Cohen, Brown, Smailes, & Bernstein, 1999; Johnson, Smailes, Cohen, Brown, & Bernstein, 2000; Krischer & Sevecke, 2008; Spinhoven et al., 2010; Widom, Czaja, & Paris, 2009 ).
Emotional and behavioral consequences are anxiety, social withdrawal and hyper-arousal (Gunnar, Morison, Chisholm, & Schuder, 2001; Hildyard & Wolfe, 2002; Queiroz et al., 1991; Shaffer, Yates, & Egeland, 2009) . It was shown that these adverse early conditions contribute to excessive aggressive behavior in adolescence and adulthood (Krischer & Sevecke, 2008; Maxfield & Widom, 1996; McCord, 1983; Rivera & Widom, 1990; Widom, 1989 ). There are reports about possible pharmacological treatments for these symptoms , as well as about psychotherapy or cognitive behavior therapy, however, treatment efficacy is unsatisfactory (Canton, Scott, & Glue, 2012; Currie & Startup, 2012; Goedhard et al., 2006; McCloskey, Noblett, Deffenbacher, Gollan, & Coccaro, 2008; Turgay, 2004; B. Weiss et al., 2005; Willutzki, Teismann, & Schulte, 2012) .
From a translational perspective, it is fundamental to develop valid models of childhood maltreatment (Veenema, 2009) to test the potential efficacy of these pharmacological and behavioral interventions. Post-weaning social isolation of rats and other species leads to a wide range of social and nonsocial disabilities, including heightened aggression, disturbed social behavior and lack of proper social skills (Fone & Porkess, 2008; Harlow, Dodsworth, & Harlow, 1965; Potegal & Einon, 1989; Von Frijtag, Schot, van den Bos, & Spruijt, 2002; Wiberg & Grice, 1963; Wongwitdecha & Marsden, 1996) . We have shown earlier that post-weaning social isolation of rats leads to hyperarousal-driven abnormal aggression in adulthood. Isolation-reared rats show a considerable increase in the share of attack bites that are aimed at vulnerable body F o r P e e r R e v i e w 4 parts of opponents (head, throat, belly), (Tóth, Halász, Mikics, Barsy, & Haller, 2008; Toth, Mikics, Tulogdi, Aliczki, & Haller, 2011; Toth et al., 2012) . This pattern of aggression is associated with autonomic and glucocorticoid hyperreactivity (Toth, et al., 2011) . Isolationreared rats show ambiguous aggressive behavior, as their enhanced aggression is also accompanied by increased defensive behavior and by decreased attack signaling (offensive behavior) which is not present in socially reared groups. This indicates that post-weaning social isolation induces a marked social disturbance associated with heightened arousal states. It is important to note that autonomic and glucocorticoid reactivity following post-weaning social isolation was not consistent across studies, as enhanced, unaltered or even decreased functions were reported in response to various nonsocial stimuli (Gentsch, Lichtsteiner, & Feer, 1981; Sánchez, Aguado, Sánchez-Toscano, & Saphier, 1998; Schrijver, Bahr, Weiss, & Würbel, 2002;  I. C. Weiss, Pryce, Jongen-Rêlo, Nanz-Bahr, & Feldon, 2004) . However, social challenges following post-weaning social isolation consistently showed autonomic and glucocorticoid hyper-reactivity (Toth, et al., 2011; van den Berg et al., 1999) .
In the present study we addressed whether resocialization in adulthood, a laboratory analogue of behavioral therapy, can ameliorate social disturbances resulting from post-weaning social isolation. Huddling during sleep was measured in the inactive phase (daylight) of the day along a three week-long resocialization period in adulthood. We analyzed this behavior, because it is a general feature of social species including rats and may be used as an indicator of social cohesion (Alberts, 2007; Batchelder, Kinney, Demlow, & Lynch, 1983; Takahashi, 1997) .
Aggressive behavior of isolated rats was also analyzed quantitatively and qualitatively in two different contexts: in the resident-intruder test before and after three weeks of resocialization in adulthood, and in the social context of this resocialization period. 
Methods

Animals
Male Wistar rats (Charles-River) from the breeding facility of our Institute were used in the present study. Pups were weaned on the 21st postnatal day and were either housed individually, or in groups of 4 rats for 7 weeks in Makrolon cages measuring 42 x 26 x 19 cm.
When group-housed animals reached the weight of approximately 200 g, they were moved to Makrolon cages measuring 60 x 38 x 19 cm. Rats were not handled except for handling associated with regular cage cleaning. The weight of subjects was 400-450 g at the beginning of the test period. Food and water were available ad libitum throughout, while temperature and relative humidity were kept at 22 ± 2 °C and 60 ± 10 %, respectively. Rats were maintained in a light cycle of 12:12 hours with lights off at 0800 h.
Litters were not disturbed before weaning, i.e. dams were allowed to raise pups under normal conditions. Litter sizes were 6-10; 40-60% of the pups were males. The number of litters used was 8 and 9 in Experiments 1 and 2, respectively. Only males were studied. Rats belonging to the various litters were randomly assigned to social and isolation rearing; the latter were also randomly assigned to resocialization. Social groups consisted of males that came from different litters, whereas isolated rats were taken from all litters.
Consequently, all litters were represented in all groups.
Intruders used in resident-intruder tests came from the same source and weighed approximately 300 g. These rats were housed in groups of 4-6 and otherwise maintained under similar conditions. Each intruder was used twice: before and after the resocialization period of 
Experimental procedures
In Experiment 1, male rat pups were weaned at the age of 21 days, and were maintained for 7 weeks either in social isolation ("isolated", N = 16) or in groups of four ("social", N = 11, because one rat fell out from the experiment).
On the 11th postnatal week, i.e. in adulthood, all subjects were isolated in individual Plexiglas cages measuring 22 x 38 x 28 cm. This step was necessary as the resident-intruder test requires a short-term social isolation for the establishment of territorial behavior. On the third day of this isolation period, a smaller intruder was placed into the subject's home cage for 20 min (resident-intruder test). The test was carried out in the early phase of the dark period under dim red illumination provided by two 40 W red bulbs placed on the ceiling of the experimental room.
Two days after the resident-intruder test, i.e. on the 11 th postnatal week, socially reared rats were regrouped in groups of four animals. In each group of four, at least two rats were unfamiliar to each other. Previously isolated animals were either resocialized, i.e. regrouped in groups of four isolated rats ("iso-resoc", N = 8), or were housed individually in a new cage ("isoiso", N = 8). These two groups were matched based on their aggressive behavior shown in the We showed earlier that aggressive behavior is frequent immediately after the formation of a new group of unfamiliar rats, but it decreases within four days and remains stable thereafter (Mikics, Barsy, & Haller, 2007) . Therefore, in the present study, aggressive interactions were analyzed in detail immediately after resocialization, and five days later ("group aggression").
One hour-long video recordings were taken at the beginning of the active (dark) phase of the day (between 900-1100 h), and behavior was analyzed as described below.
During the three weeks of resocialization, huddling behavior during sleep was assessed every day, during the early phase of the light (inactive) period, around 2100-2200 h. Photographs were taken by three webcameras from three different angles, and direct physical contacts were analyzed on these photographs. To control for accidental variability of the data, two days were analyzed together, i.e. the 1 st and 2 nd days, the 3 rd and 4 th days, etc. Huddling behavior was characterized by sleeping in direct physical contact with at least one cage mate. If no such contacts were established, rats were considered "separated".
After three weeks of resocialization, all animals were exposed again to the residentintruder test, as described above.
To assess whether social skills of cage mates affect deficient huddling behavior of isolated rats, a second experiment (Experiment 2) was run. In this experiment, rats submitted to postweaning social isolation (similarly to Experiment 1) were either resocialized in groups of four isolated rats (similar to iso-resoc in Experiment 1, N = 8), or in groups of one isolated and three "normal", socially reared rats (N = 7). A socially reared group was also added as a control group 
Behavioral analysis
The aggressive behavior of subjects was studied before and after the resocialization period by means of the resident-intruder paradigm. Behavior was video-recorded and biting attacks were later analyzed in detail by an experimenter blind to treatment conditions. We recorded the number of attacks, their targets on the body of opponents and their behavioral context as these were the variables that showed marked alterations after social isolation (Tóth, et al., 2008; Toth, et al., 2011; Toth, et al., 2012) . Attack episodes were analyzed at low speed, frame-by-frame when necessary. An attack was considered a vulnerable area-attack if it targeted the head (areas anterior to the ears), throat (the ventral area below the ears), belly (ventral areas between legs) or the paws of the opponent. The back and the flanks (posterior to the ears and dorsal to the legs)
were considered non-vulnerable targets. An attack was considered signaled if it was directly preceded by an offensive threat (aggressive grooming, mounting, lateral threat, chasing, wrestling, offensive upright, dominant posture), and it was considered non-signaled if it was not performed in the context of an offensive behavior. We also differentiated soft and hard bites. An attack was identified as "hard bite" when it involved kicking (clinch fights) or induced a strong startle response in the intruder (large jumps or immediate submission). "Soft bites" were not associated with kicking and induced no response or mild quivering only. Similar discriminations of attack bites were employed earlier (Halasz et al., 2008; Haller, van de Schraaf, & Kruk, 2001; Tóth, et al., 2008) . by stimuli coming from outside the cage (sounds from other cages), whereas normal, "provoked defense" was a reaction to an offensive behavior of an opponent. Therefore defensive behavior was divided into provoked and unprovoked defense. Attack bite counts and vulnerable areaattacks were also counted. As attack counts were relatively low during group aggression, only total attack counts were shown in this case, i.e. subtypes of attacks were not differentiated. As vulnerable area-attacks were practically absent in animals housed in groups, they will not be discussed further. Data on aggressive behavior were expressed as means ± SEM throughout. Significance level was set at p < 0.05.
Statistical analyses
Results
As expected, post-weaning social isolation led to abnormal attack patterns in the residentintruder test, i.e. increased share of vulnerable area-attacks (Table 1 ; M-W U = 38, p = 0.01).
Quantitative measures of aggressiveness (soft, hard and total attack counts), and the share of nonsignaled attacks (expressed as the percentage of total attack counts) showed no significant changes. Isolation-reared groups that were later resocialized (iso-resoc) or left isolated (iso-iso)
behaved similarly in this first resident-intruder test (K-W H(2, 27) = 6.85, p = 0.033; post-hoc:
social vs. iso-iso M-W U = 21. p = 0.039; social vs. iso-resoc M-W U = 17. p = 0.018; iso-iso vs.
iso-resoc: n.s.; other variables: K-W tests n.s.).
Aggressive behavior during resocialization showed interesting group differences (Fig.   1 ). Offensive behavior depended on the interaction between factors (F interaction (1, 17) = 8.61, p = 0.009). Post-hoc analyses revealed that socially reared animals showed a high level of offense on the first day, which was absent in isolated animals (p <0.001). On the fifth day, both groups showed a low level of offense (n.s.). Dominant postures showed a similar pattern, the interaction between factors was significant (F interaction (1, 17) = 5.28, p = 0.034). Post-hoc analysis indicated that socially reared but not isolation-reared rats showed this behavior frequently on the first day (p = 0.003), while both group showed this behavior rarely on the fifth day (n.s.). Total attack counts were similar in the two groups on both days. On the first day, a low number of attacks were shown (social vs. zero: t(10) = 2.24, p = 0.048; iso-resoc vs. zero: t(7) = 3.38, p = 0.01; Submissive posture was rare in both groups, however it showed a marginally significant effect of rearing condition with somewhat lower frequencies in the isolated group (F rearing (1, 17) = 3.87; p = 0.066). Provoked defense was low in both groups on both days, and did not show any statistical difference. Unprovoked defense occurred rarely in socially reared rats on the first day, and was practically absent on the fifth day. Isolated rats readily showed this behavior on both days (F rearing (1, 17) = 31.5; p < 0.001).
Isolation-reared rats showed considerably decreased huddling during sleep as compared to the socially reared group (Fig. 2) . This difference was statistically significant on days 1-2 (Chi 2 (1) = 7.90, p = 0.005) and days 5-6 (Chi 2 (1) = 5.83, p = 0.016), while in between it was apparent but not significant. This difference was undetectable one week after resocialization. On the last two days of resocialization a reversed difference was also observed (days 19-20: Chi 2 (1) = 4.94, 0.026). When weekly averages were compared, the robust decrease of social contacts was shown by isolated rats during the first week of resocialization (Chi 2 (1) = 5.51, p = 0.019; Fig.2 ), but not on the second and third week, when they behaved similarly to socially reared rats (n.s. for both weeks).
In Experiment 2, the huddling behavior of rats submitted to post-weaning social isolation did not depend on the social background of cage mates (Fig. 2, right-hand panel) . On the 1 st -2 nd days of resocialization isolated rats rehoused with either other isolated or with normal socially housed animals showed a significantly lower rate of huddling compared to socially housed controls (Chi 2 (1) = 7.27, p = 0.007; Chi 2 (1) = 9.24, p = 0.002, respectively). The two groups of resocialized isolation-reared rats showed similar huddling (n.s.). On the 7 th -8 th day, all three groups showed similar huddling (n.s.). iso-resoc n.s.; iso-iso vs. iso-resoc n.s.) and total attack counts (K-W H(2, 27) = 6.98, p = 0.030; post-hoc: social vs. iso-iso M-W U = 14.5. p = 0.014; social vs. iso-resoc n.s.; iso-iso vs. isoresoc n.s.), but not in hard bites (n.s.). However, abnormal features of resident-intruder aggression were not abolished by resocialization. The percentage of vulnerable area-attacks remained increased in both the resocialized rats and those that remained isolated throughout ( iso-resoc M-W U = 18.5. p = 0.012; iso-iso vs. iso-resoc n.s.). The percentage of nonsignaled attacks was also similar in the two isolated groups, and significantly higher than that of the social group (K-W H(2, 27) = 9.07, p = 0.011; post-hoc: social vs. iso-iso M-W U = 15. p = 0.009; social vs. iso-resoc M-W U = 16. p = 0.011; iso-iso vs. iso-resoc n.s.).
Discussion
Our findings show that post-weaning social isolation induced an inadequate social behavior in a newly formed social group in adult rats, as isolated rats hardly showed offensive and dominant behavior, while they delivered attacks in a manner comparable to controls.
Intriguingly, such rats reacted with defensive postures to non-threatening behaviors of social partners. In addition, isolated rats showed decreased sleep-related huddling during the first week of social housing. After the first week, huddling behavior was normalized. Social housing, however, was unable to eliminate post-weaning social isolation-induced abnormal attack patterns Here we confirmed our earlier findings by showing that post-weaning social isolation of laboratory rats leads to qualitative changes in aggression, e.g. an increased share of attacks that are aimed at vulnerable body parts of intruders in the resident-intruder test, in a situation in which the experimental animal is in a winner position (Tóth, et al., 2008; Toth, et al., 2011; Toth, et al., 2012) .
When placed in a new (potentially threatening) social group, "normal" rats show frequent aggressive behaviors to build up a hierarchy, but aggression decreases rapidly afterwards (Mikics, et al., 2007) . This pattern was reproduced by control animals of the present experiment.
However, when placed in a group of same-sized conspecifics, isolated rats showed decreased offensive and dominant behaviors, while they were defensive even in nonaggressive situations (e.g. a cage mate exploring nearby), and delivered a normal amount of attack bites, indicating the ambiguous nature of their aggressive behavior. This is in line with the pattern observed earlier in the resident-intruder test, where the attacks of rats reared in isolation were associated with low signaling by offensive threats and increased defensiveness (Tóth, et al., 2008; Toth, et al., 2011; Toth, et al., 2012) . Interestingly, decreased offense in a social group was also shown in isolationreared rhesus monkeys and chimpanzees (Harlow, et al., 1965; Reimers, Schwarzenberger, & Preuschoft, 2007) , and the generalized fearful/defensive behavior (unprovoked defense) is reminiscent of that observed as well in socially deprived rhesus monkeys (Harlow, et al., 1965; Kempes, Gulickx, van Daalen, Louwerse, & Sterck, 2008) . Isolation-reared rats also showed a decrease in huddling behavior during sleep. The predilection of rats towards huddling was clearly shown by our control rats, who huddled already during the first inactive period of the first cohabitation day, despite the fact that they were unfamiliar to each other and were engaged in hierarchy fights a few hours earlier (during the active period). In contrast, rats submitted to the post-weaning social isolation paradigm usually slept in distant corners of the cage, apart from social partners, despite the fact that they were considerably less involved in the establishment of hierarchy. This behavioral deficit markedly improved after approximately one week. Social withdrawal was also shown in isolated rhesus monkeys and chimpanzees (Harlow, et al., 1965; Harlow & Suomi, 1971; Kalcher, Franz, Crailsheim, & Preuschoft, 2008) , and post-weaning social isolation of rats was also shown to induce decreased social interaction in the social interaction test (Möller, Du Preez, Emsley, & Harvey, 2011) . Similarly to our rats, rhesus monkeys and chimpanzees also showed improvements of social withdrawal after resocialization (Harlow & Suomi, 1971; KalcherSommersguter, Preuschoft, Crailsheim, & Franz, 2011) . Importantly, decreased huddling and the improvement of this deficit showed similar patterns irrespective to rearing conditions of cage mates (social or isolated). Similar findings were reported in rats , but not in rhesus monkeys (Harlow, et al., 1965; Harlow & Suomi, 1971 ).
Post-weaning social isolation-induced abnormal attack patterns in the resident-intruder test persisted after the 3-week long resocialization in adulthood, showing the robust effects of isolation-rearing on aggressive behavior. Resocialized rats still aimed a considerable share of their bite attacks at vulnerable body parts of the opponents, and still delivered a considerable share of their bites without social signaling, similarly to those isolation-reared rats that were left isolated throughout. Quantitative measures of aggression (attack counts) showed a mild (Meng, Li, Han, Shao, & Wang, 2010) . In summary Interestingly, similar findings were reported in humans. Maltreatment during childhood is a risk factor for violent behavior in adolescence and adulthood (Chapple, Tyler, & Bersani, 2005; Maxfield & Widom, 1996; McCord, 1983) . Early maltreatment is also a strong predictor of social phobia (Bruce, Heimberg, Blanco, Schneier, & Liebowitz, 2012; Lochner et al., 2010) , one major symptom of which is social withdrawal (American Psychiatric Association, 2000) .
Psychotherapy for social phobia is reasonably successful in these conditions (Canton, et al., Willutzki, et al., 2012) , while psychotherapy for violence produces more modest results later in life (Currie & Startup, 2012; B. Weiss, et al., 2005) . In line with these human findings, post-weaning social isolation in rats resulted in marked social deficits in social contexts, but these deficits were relatively rapidly abolished by group living. In contrast, post-weaning social isolation-induced abnormal manifestations of aggressiveness were resilient to resocialization, suggesting that different symptoms induced by social isolation (or social neglect) show different sensitivities to the same treatment.
Notes
This work was supported by Hungarian National Science and Research Fund (OTKA) grants no.
76283 and 82069. The authors declare no conflict of interest. Soft, hard and total bites were counted during the 20 min long resident-intruder test. Vulnerable area-attacks and nonsignaled attacks were shown as percentages of total attack bites. Iso-iso and iso-resoc are the two subgroups of post-weaning social isolation-reared rats. During the first encounter, these two groups were similar, as resocialization followed this encounter. *Significant difference from socially reared rats (p < 0.05). rats resocialized with other isolation-reared rats for three weeks (iso-resoc); , isolation-reared rats resocialized with socially reared control rats. *Significant difference from socially reared rats (p < 0.05).
Fig. 3.
Attack bite counts in the second resident-intruder test, which followed the three weeklong resocialization period. , Socially reared rats (social); , isolation-reared rats that were left isolated throughout (iso-iso); , isolation-reared rats resocialized with other isolation-reared rats for three weeks (iso-resoc). *Significant difference from socially reared rats (p < 0.05). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
